polycrystalline and defects/variations in the local order of OSC fi lm create a distribution of ionization energies. [ 1 ] Every molecule/polymer in a fi lm will thus have its own individual ionization potential (IP) and electron affi nity (EA), with the fi lm IP and EA then represented by the smallest/ largest individual IP/EA. The frontier parts of the resulting occupied and unoccupied state distributions forming the energy gap are often modeled as being either Gaussian or exponential, [ 2 ] and the most easily oxidized/reduced states in an OSC fi lm are typically referred to as tail states or gap states. [ 3 ] Due to processing conditions relevant to printed electronics, the fi lms typically are physisorbed on substrates, forming weakly interacting interfaces. The energy level alignment at interfaces [3] [4] [5] [6] [7] and over heterolayer stacks [ 8 ] featuring OSC is an intensively studied topic and the integer charge transfer (ICT) model [ 4, 5, 9 ] was developed to describe the energy level alignment for the particular case of weakly-interacting metal/OSC and OSC/OSC interfaces obtained from physisorbed fi lms. Figure 1 a shows the typical energy level alignment behavior for OSC weakly interacting interfaces that follow the ICT model, where the resulting work function (WF) is either substrate independent (i, iii) or linearly dependent with a slope of ≈1 (ii). The Fermi level pinning is a result of spontaneous charge transfer across the interface when the substrate work function is larger (smaller) than the energy required to oxidize (gained from reducing) a molecule/polymer at an interface forming an integer charge transfer state (due to interaction with the transferred charge/image charge on the substrate). The most easily oxidized (or reduced) molecules/polymers adjacent to the interface are "used up" in this process until enough charge has been transferred across the interface to create a potential step that equilibrates the Fermi level, with the resulting pinning energies being referred to as the E ICT+,− (Figure 1 a) . The integer charge transfer state (ICT+,−) energies depend on the inter and intramolecular order, [ 5 ] so that at a given interface, there hence will be a distribution of ICT+ and ICT− energies, see Figure 1 b. The ICT model enables energy level offsets at heterojunctions to be predicted, but the extent of the resulting energy level bending (ELB) region is fi ercely debated with a variety of results ranging from abrupt space charge regions with no ELB extending beyond the fi rst monolayer at an interface, to virtually no potential drop at the interface and ELB regions extending several tens
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Energy Level Bending in Ultrathin Polymer

Introduction
Organic semiconductors (OSC) have successfully been commercialized for use in, e.g., display technologies, and other applications such as solar cells are being explored. The OSC fi lms used in these technologies generally are amorphous or of nanometers. [ 7, [10] [11] [12] [13] [14] As the extension of the ELB region also defi nes the extension of the ICT density, this becomes of significant importance to the function of organic electronic devices given that, e.g., ICT states have been shown to strongly affect open circuit voltage in bulk heterojunction solar cells through trap-assisted recombination. [ 15 ] The ICT model also has been used to explain extended ELB in OSC fi lms, [ 7, 11, 12 ] where the ICT model is applied on each layer in the OSC fi lm but with a negligible energy related to Coulomb interaction between the transferred charge and ionized molecule and assuming an identical density of states for each layer in the fi lm. The ICT density of states is then equal to the bulk fi lm density of states and Fermi level equilibrium hence is achieved by transfer of electrons from (to) the frontier tail of the OSC occupied (unoccupied) density of states to (from) the substrate if the substrate work function, Φ SUB , is larger (smaller) than the energy of the edge of the respective tail. If, e.g., the occupied density of states of the tail situated above the Fermi level is comparatively low yet extended, several layers of the OSC are needed to provide the necessary charge to force Fermi level equilibrium, hence creating a signifi cant space charge region and consequently an extended ELB behavior, see Figure 1 c. For less well-ordered OSC fi lms, the ELB is determined almost entirely by the energetic distribution of the tail states, but for more well-ordered fi lms, the resulting narrow distribution of tail states limits their contribution to ELB and the space charge arising from thermal excitation of carriers into states in the organic layer above E F completely dominates. [ 11 ] In the former case (disorder, broad distribution of tail states) ELB regions of about 50 nm is suggested to typically occur, whereas for well-ordered fi lm (''thermally induced'' ELB) the ELB region is limited to less than 10 nm. [ 11 ] Important consequences of this version of the ICT model is that for a particular OSC, increasing (decreasing) the molecular order in a fi lm through choice of solvent or annealing treatment, will decrease (increase) the ELB region. Note that in all of the above cited works, the OSC fi lms were obtained from either spin-coating polymers or vacuum deposition of molecules. Obtaining layer-by-layer growth through vacuum deposition is not feasible unless there is strong chemisorption at the interface, otherwise island formation always occurs. Spin-coating monolayer (or even bilayer) fi lms without pinholes and signifi cant thickness variations is equally challenging, so the lack of well-controlled samples particularly in the monolayer and bilayer thickness range has made accurate measurement of ELB effects impossible to date (which in part explains the large variation in the results published).
To converge the divergent results and explore the general validity of the two approximations (negligible energy related to Coulombic interaction between the transferred charge and ionized molecule; approximate identical density of states for each layer in the OSC fi lms) for describing ELB in OSC fi lms, we use Langmuir-Shäfer (LS) layer-by-layer fabrication of thin fi lms to get well-defi ned uniform fi lms of controlled fi lm thickness, thereby avoiding artifacts from spin-coating or vacuum-deposition. We investigate two conjugated polymers: poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5, 8-dilyl-alt-thiophene-2, 5-diyl] [ 16 ] (TQ1) and rr-P3HT, both commonly used in organic photovoltaics applications and the latter capable of forming well-ordered fi lms. Their chemical structures are shown in Figure S1 (Supporting Information). The evolutions for both work function and the occupied electronic structures are probed by ultraviolet photoelectron spectroscopy (UPS) in ultrahigh vacuum, and the order in the fi lms is studied by a combination of atomic force microscopy (AFM), near edge X-ray absorption fi ne structure (NEXAFS) and photoluminescence (PL) techniques. We obtain precise results on the extent of the ELB regions enabling us to present an empirically-based general description of ELB in OSC fi lms.
Results
Langmuir-Shäfer Film
Uniform monolayer (ML) fi lms of TQ1 and rr-P3HT were fi rst fabricated using the LS technique and the layer thickness was obtained. Figure 2 a shows the surface pressure ( π ) as a function of the mean monomeric area (Mma) for TQ1. The isotherm shows a transition from an expanded state to a condensed state with abrupt slope. In the condensed phase, the strong π-π interactions between the aromatic backbones and the van der Waals interactions between the branched alkyl side chains promote the self-assembly in ordered close-packed fi lms at the air/ water interface upon compression. The limit molecular area is of about 33 Å 2 . This is in good agreement with the area per repeat unit (≈36 Å 2 ) considering a π-π distance of about 4 Å and a chain backbone repeat distance of 9 A. [ 17 ] In Figure 2 b, AFM analysis, performed in defective regions of the fi lm, reveals a Langmuir close-packed monolayer with out-of-plane molecular order and a fi lm thickness of about 2 nm. The surface pressure versus Mma for rr-P3HT is reported in Figure 2 c. The limiting molecular area is of about 12 Å 2 , which is comparable with previous values reported for a close packed rr-P3HT monolayer, [ 18 ] assuming a main polymer chain parallel to the air/water interface with thiophene rings standing edge-on. The rr-P3HT monolayer fi lm thickness was about 2.5 nm as shown in Figure 2 d.
Energy Level Bending
To probe ELB in a disordered fi lm-forming polymer, monolayer, bilayer and 6-layer fi lms of TQ1 were successfully made on gold ( Φ SUB 4.95 ± 0.05 eV) by LS deposition and well-defi ned uniform thicknesses (≈20, 40, and 120 Å, respectively) were obtained. The measured work function dropped from 4.95 eV ( Φ SUB ) to a Φ ORG/SUB of ≈4.37 eV for the monolayer and saturated at ≈4.3 eV already for the bilayer as depicted in Figure 3 a and Figure S2a (Supporting Information). The valence band features and pinning energy of these LS fi lms are approximately identical to those of spin-coated thick TQ1 fi lms [ 15 ] ( Figure S3a,b, Supporting Information) , as are the optical properties (see Figure S4 , Supporting Information). Figure 3 a summarizes their work function evolution on the TQ1 fi lm thickness. Obviously, the potential drop almost exclusively occurs over the fi rst monolayer at the interface. The additional 0.05 -0.08 eV drop going to bulk thicknesses from the monolayer could be real ELB, but it is also within the error margin of the UPS measurement (± 0.05 eV), so it is possible that the ELB is exclusively confi ned to the interface layer, similar to the result reported for rr-P3HT/PEDOT:PSS interface. [ 10, 14 ] The disordered TQ1 fi lms with broad distribution of tail states do not feature ELB beyond the monolayer at the interface, which goes against the prediction that OSCs that form well-ordered fi lms will feature comparatively abrupt ELB regions whereas amorphous OSC fi lms will yield extended ELB regions (Figure 1 c) . [ 7, 11 ] To explore this surprising result further, we turn to rr-P3HT fi lms where the fi lm order can be manipulated by annealing. Furthermore, it has been demonstrated that annealing-induced inter-ring torsion [ 19 ] of the polymer backbone introduce rr-P3HT chains that have substantially lower ICT+ energies than the well-ordered coplanar π-stacked chains in a fi lm, and that these disordered chains dominate the energy level alignment. [ 20 ] Figure S2b (Supporting Information) shows UPS spectra of the monolayer, bilayer, 4-layer, 6-layer, and 10-layer (≈25, 50, 100, 150, and 250 Å) LS rr-P3HT fi lms on gold and the results are summarized in Figure 3 b. An initial drop of ≈0.45 eV occurs over the monolayer and an additional ≈0.15 eV drop from bilayer extending to the bulk (≈25 nm) where the WF saturates at 4.40 eV (see Figure 3 b ). This value is identical with the E ICT+ of spin-coated high molecular weight rr-P3HT unannealed well-ordered thin fi lms reported in literature. [ 20 ] Also of note is that the 0.15 eV drop is larger than the measurement error suggesting an ELB region extending as far as >20 nm away from the interface, contrary to expectations and in sharp contrast to the case of the more disordered TQ1 fi lms. Figure S2c (Supporting Information) displays the UPS spectra of the LS fi lms upon annealing at 150 °C in ultrahigh vacuum (UHV). The annealing shifts the secondary electron cut-off to higher binding energy indicating a decrease in WF. The WFs of monolayer, bilayer, 4-layer, 6-layer and 10-layer shift to 4.25, 4.20, 4.18, 4.20, and 4.19 eV, respectively, see Figure 3 b. For the annealed fi lm series, almost all of the total potential drop hence occurs for the fi rst monolayer, and the subsequent ELB going to thick fi lms is at most 0.05 eV within the measurement error. Note that the heat treatment effectively reduces the ELB while also reducing the pinning energy. The signifi cant decrease of the pinning energy and the approximate monolayer thick ELB region obtained in our experiments hence are well explained by the ICT model if a signifi cant density of sites of lower ICT+ energies at the interface is introduced by the annealing also for the LS fi lms. Indeed, using both the classic Schottky model (monoenergetic state) as well as a distributed density of state model [ 21 ] to derive simple estimates of the ICT density from the ELB data, we fi nd an increase from 4.5 × 10 17 cm −3 to 1.2 × 10 19 cm −3 and 3 × 10 18 cm −3 eV −1 to 2.4 × 10 20 cm −3 eV −1 , respectively. Inter-ring torsion of the rr-P3HT chains is accompanied by an increased local disorder (defects in the inter-chain π−π stacking), so to confi rm the presence of increased local disorder in the annealed LS fi lms we use PL data of bilayer rr-P3HT fi lms as shown in Figure 4 . In disorder-free H-aggregates the 0-0 emission is forbidden by symmetry. Introducing disorder breaks the symmetry thereby allowing 0-0 emission. [ 22 ] The 0-0 to 0-1 line strength ratio, S R , is thus an effective probe for rr-P3HT fi lm π−π stacking disorder, where S R increases with increasing energetic disorder, and/or decreasing spatial correlation length. [ 22, 23 ] By observing the changes in the PL spectra of the bilayer rr-P3HT fi lms, it is easy to conclude that annealing indeed increases the π−π stacking disorder, as the relative intensity of the 0-0 emission feature is increased compared to the 0-1 feature after the heat treatment, in line with the observations from the UPS results.
Near edge X-ray fi ne structure spectroscopy (NEXAFS) of LS and spin-coated rr-P3HT fi lms was also utilized to probe the molecular order. Figure 5 depicts angular dependent C K-NEXAFS data that probe the variation in polymer order. For rr-P3HT, the peak at 285.6 eV is related to the transition between C 1s to the empty π* states. The feature at around 287 eV can be assigned to the transition from C 1s to the σ * states of C-S and C-H bonding. [ 24 ] The feature related to C-C and C=C σ * states were observed at 292 and 300 eV respectively. In the as-prepared bilayer LS P3HT fi lm, there is no change of the spectral weight related to π* states upon angle variation ( Figure 5 a, top) . Such an effect can be assigned to either a fully amorphous LS fi lm or to polymer chains that are extended along the substrate surface tilted edge-on at roughly the magic angle (≈ 54.7°). Based on the properties of LS technique and the PL and AFM results, the formation of an amorphous rr-P3HT bilayer fi lm can be ruled out. Considering the height of rr-P3HT monomer, which is about 3.2 nm, [ 25 ] and the ML thickness of ≈2.5 nm, the tilt angle of the rr-P3HT plane on the gold can be calculated as ≈56°, as shown in Figure 5 c,d , indeed very close to the magic angle in agreement with the NEXAFS results. Upon UHV annealing, the π* states intensity shows a weak angle dependence (still tilted edge-on rather than face down orientation) in Figure 5 a (bottom), suggesting that the previous inter-chain order has been partially disrupted ( Figure 5 e) , which is consistent with the PL data. The same effects are observed for the 6-layer thick fi lm ( Figure 5 b) : no angle-dependence detected in the as-prepared fi lm, but slight angle dependence occurs for the annealed fi lm. For comparison, the angular dependent C K-edge NEXAFS spectrum of spin-coated rr-P3HT fi lm depicted in Figure 5 angle dependence (tilted edge-on), indicating the presence of inter-ring-torsion sites and local disorder in the π−π stacking, and indeed, spin-coated rr-P3HT fi lms of ≈15 nm thickness on gold yield identical WF as the post-annealing 6-layer LS fi lms.
Discussions
It is clear that it is hard to reconcile the ELB behavior obtained from well-defi ned OSC fi lms with the predictions made by assuming both negligible energy related to Coulombic interaction between the transferred charge and ionized molecule and approximate identical density of states for each layer in the OSC fi lms. The results are, however, easily explained by the general ICT model. Indeed, several papers demonstrate a strong image charge effect on the ICT energies for the fi rst couple of layers at an interface, [ 14, 26 ] though there are papers where modeling predicts a negligible effect. [ 27 ] For the case of a non-negligible Coulomb energy contribution to the ICT energies (localized polarons), we note that the electrostatic interaction with the substrate will be strongest for the fi rst layers, [ 14, 26 ] see Figure 6 a, and decay with distance. By depositing a fi rst OSC layer on top of a high WF substrate, the most easily oxidized sites in the OSC layer will be accessed to transfer electrons to the substrate, breaking the vacuum level (VL) alignment by introducing a potential step at the interface that grows until enough sites have been oxidized to achieve Fermi level equilibrium, see Figure 6 b.
After adding an additional OSC layer, the distribution of oxidation (ICT+) energies will be shifted deeper compared to the VL, however, as the electrostatic interaction between an electron transferred to the substrate (or image charge for a metallic substrate), and the hole remaining on the OSC molecule/polymer will now be weaker due to the increased separation distance. A signifi cantly smaller portion of the ICT+ distribution tail thus extends above the Fermi level in this scenario, which will substantially decrease the amount of charge transfer and size of the potential step needed to equilibrate the Fermi energy. Subsequent layers will be even further removed in distance from the heterojunction, with a corresponding decrease in the Coulomb energy related to the electron-hole interaction and thus increase of the effective oxidation energies. This will naturally confi ne almost all the potential drop necessary to equilibrate the Fermi level to just a layer or two away from the interface, as is indeed in the experimental observation. A well-ordered OSC fi lm, on the other hand, may feature fairly delocalized polarons that decrease the interaction with the mirror charge across the interface, which then also will decrease Coulomb energy related to the electron-hole interaction. [ 20, 28 ] If we assume highly delocalized polarons (approximate energy bands), we get negligible Coulomb energy contribution to the ICT energies so that E ICT+ = IP and σ ICT+ = σ p-pol, [ 5 ] so that in absence of thickness-dependent order variation, there is then also a layerindependent σ ICT+ and we get a more extended ELB region as illustrated in Figure 1 c. [ 8, 21, 22 ] The ICT model, as noted, states that the oxidation (and reduction) energies of the OSC molecules/polymers present at an interface strongly depend on the inter and intramolecular order, [ 5 ] and the inter and intramolecular order may not necessarily follow a Gaussian distribution. Furthermore, the fi lm order may vary layer-by-layer in the vertical direction, then also changing the ICT state distribution going from the interface through the bulk and into the surface region. The ICT energies may thus feature quite complex distributions. A possible scenario, e.g., would be a majority and minority distribution well separated in energy as displayed in the rr-P3HT fi lms. [ 20 ] If there is a minority concentration with a low E ICT+ compared to the majority concentration, see Figure 6 c, the corresponding sites would provide a well-separated density of more easily oxidized states that would create an ELB behavior if this density is too small to pin the Fermi energy already at the ML. For rr-P3HT, differences in local order can correspond to up to a 0.4 eV difference in E ICT+ and many other OSC systems have even larger order-dependent E ICT+ variations. [ 29 ] One such molecule, copper (II) phthalocyanine, has an E ICT+ that is calculated to differ by up to ≈0.8 eV depending on the molecular Adv. Funct. Mater. 2016, 26, 1077-1084 www.afm-journal.de www.MaterialsViews.com Figure 6 . General model of ELB in OSC fi lms. a) Coulomb interaction between charges in the polymer layer at interface and the mirror charges across interface. b) Here we assume a non-negligible Coulomb interaction between the electron transferred to the substrate and the hole left on the OSC molecule/polymer. The distribution of integer charge transfer energies corresponding to energy to create a hole in a molecule/polymer in the OSC layer and transferring the electron to the substrate depend on the distance between the layer and the substrate. Charge transfer occurs when part of the integer charge transfer energy distribution is above the Fermi level. The integer charge transfer energy distribution is not at constant energy versus the VL in all layers as the Coulomb energy, in part related to that the electron-hole interaction will vary. c) Illustration of two separate distributions of integer charge transfer energies due to strong dependence on inter/intra-molecular order.
www.afm-journal.de www.MaterialsViews.com orientation in the layer. [ 29 ] Hence, an extended ELB region may have its origin in a small but constant density of low energy ICT+ sites in the molecular layers or in a gradual change of molecular orientation going away from the interface that then also gradually changes the pinning energy for each layer. We note that the appearance of an extended ELB also may be caused by non-uniform fi lms featuring partial coverage, a situation easily obtained when, e.g., spin-coating ultrathin fi lms, see Figures S5 and S6 (Supporting Information), highlighting the need for layer-by-layer growth of fi lms when studying ELB.
We fi nally stress that the ICT model does not rule out dopinginduced ELB. Clearly, p-or n-doping of the polymer fi lms can give rise to space charge regions at suffi cient doping-generated free charge density and some polymers are susceptible to p-doping by atmosphere [ 30 ] and the presence of impurities from the synthetic process. Films of rr-P3HT are known to be sensitive to atmospheric p-doping and then could display an extended space charge region if doping effects dominate the ELB. Annealing in vacuum could "boil away" the dopants and thus reduce the ELB region, which fi ts with our experimental observations. Indeed, the shift in pinning energy from unannealed to annealed fi lms are in line with results from p-doping experiments of rr-P3HT fi lms showing a ≈0.2 eV decrease in pinning energy going from ≈1% doping level to pristine spin-coated fi lms. [ 31 ] The same experiments, however, found no signifi cant thickness dependence for these doped rr-P3HT fi lms deposited onto substrates in the slope = 1 region (ii) of the ICT model, [ 31 ] demonstrating the absence of an extended ELB region and significant density of free charges at a doping level signifi cantly higher than achieved by exposure to ambient atmosphere. Furthermore, the post annealing pinning energy and UPS spectra for the thicker rr-P3HT LS fi lms are nearly identical to un-annealed fi lms spin-coated under ambient atmosphere, see Figures S2c and S3b (Supporting Information). We can hence discard significant contribution from p-doping effects in our results.
Conclusion
In summary, we investigate the energetics at the semiconducting polymer-metal interface using the original approach of building and characterizing multilayers composed of a well-defi ned number of polymer monolayers with the Langmuir-Shäfer method. This allows us to investigate the interfacial energetics at a precision never achieved for OSC fi lms. We fi nd that the disordered/amorphous fi lms studied feature smaller, and in fact possibly negligible, extension of the ELB region compared to the more well-ordered fi lms. We fi nd that ELB depends on: the distribution of oxidation/reduction energies in the polymer layer compared with the position of the Fermi level, taking into account the Coulomb energy associated with charging the polymer chain, and transferring a charge (creating a mirror charge) across the interface. The molecular order affects ionization energies of a molecule both due to intermolecular screening [ 1 ] and electrostatic potentials induced by ordering in a layer of π-conjugated molecules. [ 32 ] Furthermore, the ionization energies additionally will be affected by the charge transferred to the other side of the interface as it will have a Coulomb interaction with the opposing charge on the ionized molecule. This is why the ICT energies differ from highest occupied/lowest unoccupied molecular orbital (HOMO/LUMO) energies and also vary layer from layer away from the interface (unless approximate crystalline fi lm). [ 5 ] The consequence of this is that almost all the potential shift necessary to equilibrate the Fermi level typically occurs over the fi rst one to two layers at an interface. An extended ELB region featuring a signifi cant potential shift may still occur for wellordered fi lms with delocalized polarons (band-like electronic structure) or if there is a strong order-dependence of the OSC ICT+,-distribution and an order-variation going from interface to bulk in the OSC fi lm.
Experimental Section
Materials and Film Fabrication : The polymer rr-P3HT in this study was used as received from Sigma-Aldrich, and TQ1 was synthesized at Chalmers University of Technology. Polymer fi lms were spin coated from o-dichlorobenzene onto various substrates with a broad range of work function from 3.5 to 5.6 eV in order to create interface. Different thicknesses of the fi lms were achieved by tuning spin speeds and solution concentrations. All substrates were cleaned by sonication in acetone and isopropyl before spin coating. Uniform monolayer and multilayer fi lms were prepared by LS technique (KSV NIMA Instruments) on gold substrates at room temperature. TQ1 monolayers and multilayers were deposited from a 0.1 mg mL −1 chloroform solution, while rr-P3HT monolayers and multilayers were made from a 0.02-0.1 mg mL −1 toluene solution. The solution was randomly spread onto a pure demineralized water subphase. After solvent evaporation, the Langmuir fi lms were compressed continuously at a rate of 5 mm min −1 . The surface pressure was monitored by a Wilhelmy balance. Deposition was carried out at a surface pressure of 25 mN m −1 , by approaching the substrate horizontally to the air/water interface. Multilayers fi lms were prepared by consecutive depositions, following a well-established procedure. [ 33 ] The LS polymeric fi lms were then left in a vacuum oven. AFM measurements were carried out in air in a Dimension 3100 microscope with a NanoScope IV controller (Veeco). Commercial silicon cantilevers with a nominal spring constant of 40 N m −1 were used for morphological characterization in tapping mode.
Photoelectron Spectroscopy : Measurements were carried out in a UHV surface analysis system equipped with a Scienta-200 hemispherical analyzer. The base pressure of a sample analysis chamber is 2 × 10 −10 mbar. UPS was performed using a standard He-discharge lamp with HeI 21.22 eV as excitation source and an energy resolution of 50 meV. Radiation damage was tested for and found not to occur. Work function was derived from the secondary electron cut-off, and XPS was measured using monochromatized Al Ka with hv = 1486.6 eV. All measurements were calibrated by referencing to Fermi level and Au 4f 7/2 peak position of the Ar + ion sputter-clean gold foil.
Near-Edge X-Ray Adsorption Fine Structure Spectroscopy (NEXAFS) : Measurements were performed at beam line D1011 of the MAX-II storage ring at Max lab, Sweden. The energy resolution was about 100 meV at photon energies close to the C K-edge. NEXAFS spectra were collected in the partial electron yield mode by multichannel plates with various angles between sample and incident beam.
Optical Absorption Spectroscopy : Measurements were obtained from transmission measurements using glass substrates and an integrating sphere with air as reference. PL spectra were obtained using a wavelength calibrated Silicon charge-coupled device (CCD) detector without radiometrical calibration.
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